A simple method for aligning nanotubes in buckypaper with a modified Taylor-Couette system is reported. Using shear forces produced by a rotating cylinder to orient multi-walled carbon nanotubes in a surfactant-assisted aqueous dispersion, the suspended nanotubes are simultaneously aligned and filtered. The resulting buckypaper is composed of nanotubes with preferential orientation in the direction of flow and possesses anisotropic electrical and mechanical properties, which are both enhanced parallel to the direction of orientation. The technique presented here requires no specialized equipment and can be implemented with any type of carbon nanotube synthesized by any method. Furthermore, the size of the buckypaper sheets can be easily increased by adjusting the length and diameter of the cylinders in the setup, offering the possibility for low-cost production of large quantities of oriented buckypaper.
Introduction
Carbon nanotubes (CNTs) have been studied extensively over the last two decades because of their outstanding electrical, mechanical, and thermal properties, which makes them ideal candidates for use as reinforcement in multifunctional composites among other applications [1] and [2] . However, composites fabricated by mixing CNTs into a resin are limited to low loading levels because the large increases in viscosity that occur at higher loadings encumber processing. This, in turn, limits the effect that CNTs can have on the composite properties, and new methods must be developed if the true potential of CNT composites is to be realized. One way to achieve high loadings of CNTs in a resin is through the use of buckypaper (BP), which is a free-standing mat of tightly packed CNTs formed by the controlled filtration of a CNT dispersion. BP can be handled in a manner similar to glass and carbon fiber mats, and traditional composite processing techniques such as compression molding and vacuum-assisted resin transfer molding can be used to infiltrate resin into the pores of the BP mat and bind several plies together into composites [3] and [4] . Using this approach, composites containing up to 60 wt.% MWCNTs have been achieved [5] and outstanding mechanical [6] and [7] , thermal [8] , electrical [7] , and electromagnetic shielding properties [9] have been realized in BP-reinforced polymers. Most BP is composed of CNTs that are randomly aligned. However, as with any fiber-reinforced composite, optimal properties are realized when the fiber alignment is unidirectional within each ply and the composite layup is judiciously tailored to match the expected stress state of its application.
Several methods to align CNTs within BP films have been reported recently, which can be broadly classified as alignment through (i) mechanical stretching of cross-linked CNT mats, (ii) pushing or pulling vertically-aligned carbon nanotubes (VACNTs), and (iii) the application of large magnetic fields. Mechanical stretching involves uniaxially straining randomly aligned multi-walled carbon nanotube (MWCNT) BP and then impregnating the stretched nanotube film with resin. Bismaleimide (BMI)/BP composites made with this process possessed outstanding mechanical and electrical properties [5] and, when the MWCNTs in the BP were functionalized with epoxide groups, the resulting composites exhibited unprecedentedly high strength (3081 MPa) and modulus (350 GPa), surpassing even high-performance carbon fiber composites [10] . However, the MWCNTs used in this study were cross-linked together through a specialized synthesis process necessary to prevent the BP from tearing at high strains, which excludes the method from widespread industrial use in the near future.
Highly aligned BP can also be produced from VACNT arrays, which consist of forests of densely-packed and highly aligned nanotubes. By pulling on a VACNT forest, van der Waals attraction among neighboring nanotubes causes the CNTs to assemble into continuous yarns or BP mats [11] , [12] , [13] , [14] , [15] , [16] , [17] , [18] and [19] . In addition to being spun by pulling action, VACNT forests can also be "pushed" down like dominos to form BP. This method has been implemented for vertically aligned MWCNTs using a cylinder to physically roll over and flatten the nanotube forest, and the BP produced in this manner exhibited higher electrical and thermal conductivity in the direction of alignment [20] . However, this method is also not amenable to large-scale use, as MWCNT forests with very high degrees of vertical alignment must be grown, a process that is currently only possible in a few laboratories.
Magnetic alignment is another nanotube orientation technique developed by Smalley [21] and refined by Liang and coworkers [22] . This method involves filtering CNTs in the presence of an applied magnetic field. Because CNTs have anisotropic magnetic susceptibilities, they tend to align with the direction of applied magnetic field lines in order to minimize energy. If a sufficiently strong magnetic field is applied to MWCNTs that are very well dispersed in solution, the MWCNTs will become oriented, and subsequent filtering will lead to the formation of aligned BP. Individual nanotubes comprising a MWCNT can be metallic or semiconducting depending on their structure with paramagnetic or diamagnetic responses to applied magnetic fields, respectively, both of which tend to align the MWCNT in the same direction and with nearly the same force [23], [24] and [25] . However, huge magnetic fields on the order of 10-30 T are required to produce observable degrees of alignment [21] . The cryogenically-cooled electromagnets needed to achieve those massive magnetic fields render this method unfit for the production of aligned BP on any appreciable scale.
An alternative approach for aligning nanotubes in BP is outlined in this paper. When subjected to shear forces in a fluid, CNTs align along the direction of flow. Using a modified Taylor-Couette system, an aqueous MWCNT dispersion is simultaneously sheared and filtered to produce BP with preferential nanotube orientation in the direction of flow. The aligned BP has anisotropic electrical and mechanical properties, which are both enhanced parallel to the direction of orientation. The technique presented here is simple and versatile in that it can be adapted for use with nanotubes synthesized by any method. In addition, the size of the BP can easily be increased using cylinders with larger dimensions. As a result, this approach offers an attractive route for producing large quantities of oriented BP at relatively low cost.
Experimental details

Materials
NC7000 MWCNTs with an average diameter of 10 nm and purity of 90% were supplied by Nanocyl, S.A. (Belgium). A surfactant, Triton X-100, was purchased from Fisher Scientific (Waltham, MA, USA). Nanotube dispersions were prepared by sonicating a mixture of 1.5 g MWCNTs, 15 mL surfactant, and 750 mL DI water with a horn (Fisher, sonic dismembrator model 100) for 2 h. The resulting dispersion was allowed to settle for 24 h, and the welldispersed supernatant was used to prepare BP films with a setup shown schematically in 
Methods
The modified Taylor-Couette apparatus was constructed from an acrylic outer cylinder with an inner diameter of 31.15 mm and a high-density polyethylene Porex (Fairburn, GA, USA) inner cylinder having an outer diameter of 26.00 mm and an average porosity of 60 μm. The inner cylinder was sealed with adhesive tape along its length, except over an 8 cm long section. An electric stirring motor (Caframo, Ontario, Canada) with rpm control of ±1 rpm was used to rotate the outer cylinder at speeds up to 2000 rpm. Compression fitted PTFE bushings secured to the inner cylinder maintained the inner rod parallel to the outer cylinder while allowing the two to be separated easily. A small fill tube was inserted into a slit milled in the top bushing to provide fresh dispersion during filtration, and a vacuum in the inner cylinder was created by a belt-driven pump (Welch, Niles, IL, USA). In all experiments, the top of the inner cylinder was clamped to prevent rotation.
To fabricate BP using the setup, a 9 cm × 8 cm strip of nitrocellulose filter paper (Osmonics, Inc.) with an average pore size of 45 μm was affixed to the exposed porous section of the inner rod by pulling the paper tautly around the cylinder and bonding the overlapping ends of the paper with a small amount of adhesive. After the adhesive had cured, the inner cylinder was inserted into the outer cylinder and the gap was filled with dispersion. The outer cylinder was rotated at a constant rate to shear the fluid, and vacuum was subsequently applied to the fixed inner cylinder to force the dispersion through the filter paper. A BP sheet formed on the filter, and the separated water was collected in a series of traps. Fresh dispersion was continually added via the fill tube during filtration to maintain a constant fluid level.
After filtration, the inner cylinder was removed from the setup and the filter paper was cut along the overlapped edge to produce a rectangular sheet, which was dried in a vacuum oven at 100 °C for 12 h. The dried BP was then separated from the filter paper by gently folding and peeling the nanotube mat free from the filter. The resulting freestanding film of MWCNTs was soaked in isopropanol overnight in an attempt to remove residual surfactant before drying once more in a vacuum oven at 80 °C for 4 h. 
Characterization
The viscosity of the MWCNT dispersions was measured as a function of shear rate using an AR2000ex rheometer equipped with a Peltier temperature control stage and a 40 mm diameter cone (α = 1°,0′,11″). Measurements were performed by placing 0.2 mL of dispersion on the Peltier stage and equilibrating at 25 °C before performing a constant temperature, steady-state flow test at shear rates ranging from 1 to 1200 s −1 . The degree of nanotube alignment in BP samples was monitored with scanning electron microscopy (SEM, FEI Quanta 200) operating at 8 kV accelerating voltage. Electrical conductivity measurements were performed using a linear four point probe (Jandel model RM2). For each test, a 1 cm × 3 cm strip was cut from the BP either perpendicular or parallel to the direction of alignment, and conductivity measurements were made to the top surface of the paper with the four probes oriented parallel to the long axis of the strip. The thickness of each sample was averaged from 10 measurements taken along the length of the BP using a digital micrometer (Mitutoyo). The anisotropic mechanical properties of BP samples was evaluated by tensile testing 0.5 cm × 3 cm × 100 μm strips cut either parallel or perpendicular to the direction of alignment. For each test, the BP strip was mounted in a flatfaced fixture and elongated with an Instron universal testing machine following a procedure similar to ASTM D882. Fig. 3 depicts the rheological behavior of the MWCNT dispersion used in this study. In a similar manner to previous reports on aqueous nanotube dispersions [29] and [30], the viscosity was observed to decrease significantly with increasing shear rate. This shear-thinning behavior is due to the fact that MWCNTs align under shear, which lowers their resistance to flow. The viscosity of the dispersion used in this study plateaus at ∼800 s −1 , indicating that the nanotubes reach their maximum degree of alignment at shear rates above this value. 
Results and discussion
Rheological behavior of the MWCNT dispersion
Fabrication of aligned BP
The Taylor-Couette setup is a classic method for studying fluid behavior under shear. By rotating the outer and/or inner cylinder, shear forces develop in the fluid trapped between the two cylinders, the magnitude of which is determined by both their radii and relative speeds [31] .
Rotation of the outer cylinder is desirable for aligning fibers in solution as it avoids turbulent transitions that can occur from instabilities associated with rotation of the inner cylinder [32].
The modified Taylor-Couette setup used in this study was designed to produce shear rates from 0 s −1 to 1200 s −1 . By shearing the dispersion while simultaneously applying a vacuum to the inner cylinder, the suspended nanotubes were circumferentially aligned and then forced onto filter paper. Progressive build-up of MWCNT layers led to the formation of BP comprised of nanotubes with a preferential orientation parallel to the circumference of the cylinders. In this paper, the direction of flow is referred to as "//", and the direction perpendicular to flow (the axial cylinder direction) is referred to as "⊥". The morphology of samples produced at various shear rates is depicted in Fig. 4 , in which all of the micrographs were collected from the front side of the BP (side adjacent to cylinder gap). With no cylinder rotation (0 s −1 ), the nanotubes are randomly oriented. As the shear rate is increased to 640 s −1 , the nanotubes become partially oriented in the // direction. At an even higher shear rate of 825 s −1 , the MWCNTs are highly aligned in the direction of flow. Shear rates above 825 s −1 also produced BP with MWCNTs oriented in the // direction, although a higher degree alignment is not discernible. Notably, the degree of alignment appears to vary somewhat through the thickness of the BP film. Fig. S1 shows representative micrographs of BP produced at different shear rates as viewed form the backside of the films (side adjacent to filter paper). The degree of nanotube alignment seems diminished compared to the front side, possibly due to interactions among the nanotubes and filter paper fibers. 
Electrical conductivity of BP
While SEM indicates alignment of MWCNTs in BP produced at elevated shear rates, it is a qualitative measure. To better quantify the degree of anisotropy, the electrical conductivity of BP samples was measured in different directions. Fig. 5 contains representative current-voltage curves obtained from four point probe measurements of ∼100 μm thick BP produced at shear rates of 0 s −1 and 1000 s −1 . BP formed at all shear rates displays ohmic behavior. However, random BP fabricated in the absence of shear exhibits very little directional dependence, while BP formed at a shear rate of 1000 s −1 has markedly lower slope (V/I) in the // direction and higher slope when measured ⊥ to alignment as a result of higher and lower conductivity, respectively. Fig. 6 summarizes the electrical behavior of BP produced in this study as a function of shear rate and measurement direction. At low shear rates, the electrical anisotropy, defined as the ratio of conductivity measured // and ⊥ to alignment, is ∼1. With increasing shear rate, the conductivity steadily increases // to alignment while decreasing in the ⊥ direction, and the anisotropy ratio reaches a plateau of ∼2 around 825 s −1 . This behavior coincides with a plateau in shear thinning observed by rheology, and suggests that viscosity measurements are a convenient method for determining the minimum shear rate needed to maximize nanotube alignment. Conductivity in BP is generally dictated by nanotube-nanotube junctions, which limit the mean free paths of electrons and lower the conductivity [33] and [34] . The BP produced in this study does not contain perfectly aligned MWCNTs, and as a result, nanotube-nanotube junctions play a role in the conductivity in all directions. However, electrons traveling in the // direction of aligned BP samples will encounter far fewer junctions than electrons traveling in the transverse direction, and, as a result will experience less resistance. Anisotropic electrical conductivity has been observed in aligned BP samples produced by other methods, and Table 1 compares the results of this study with a select number of those previously reported in the literature. Here we report a maximum anisotropy of ∼2, which is lower than that achieved using magnetic alignment and pulling of VACNTs, but similar to the value found by "domino pushing" MWCNT forests. Study did not report σ⊥ but did find that σ // was 40% higher than randomly oriented BP.
The lower levels of anisotropy found in this study may be due to the presence of a higher number of misaligned nanotubes than by magnetic alignment. Because the relaxation time of water is very short, the aqueous dispersions used in this study may have allowed some MWCNTs to relax and coil upon removal of shear forces, especially on the upper few layers, which are less constrained by neighboring nanotubes. The use of higher viscosity fluids may limit such relaxation and improve nanotube alignment and packing density. Previous studies of CNT alignment in polymer composites have shown that shearing CNTs in a viscous resin can produce high degrees of stable alignment and subsequently large increases in conductivity in the aligned direction [35] and [36] . Greater levels of alignment might also be achieved by tuning the interaction among the nanotubes, surfactant, and filter paper, and greater mechanical and electrical properties could be realized by extending the approach to other varieties of CNTs such as high aspect ratio SWCNTs.
Mechanical properties of BP
The anisotropic mechanical properties of random BP produced in the absence of shear and at a shear rate of 1000 s −1 were also investigated to test the efficacy of BP for composite applications. Fig. 7 shows representative stress-strain curves for BP tested at both shear rates in different directions. The results of testing many samples are summarized in Fig. 8 . Randomly oriented BP has a modulus of ∼0.4 GP, ultimate tensile strength near 4 MPa, and a strain at break of 1% with no directional dependence within experimental error. In contrast, BP produced under high shear shows strong anisotropy, with moduli and tensile strengths 2.8 and 2.2 times higher in the direction of alignment, respectively. However, even in the direction of alignment, the mechanical properties are modest, and further improvements are likely needed before the BP can be considered for use as reinforcement in composites. 
Conclusions
A simple method for aligning nanotubes in BP with a modified Taylor-Couette system has reported. Simultaneous shear-alignment and filtration of an aqueous MWCNT dispersion yielded BP with preferential nanotube orientation in the direction of flow. The BP exhibited anisotropic electrical and mechanical properties, which were both enhanced parallel to the direction of orientation and maximized at high shear rates. While the highest degree of anisotropy was found to be lower than some previously reported methods, such as magnetic alignment, the technique presented here is simple and versatile in that it can be adapted for use with any type of CNT synthesized by any method. In addition, large BP sheets can be easily fabricated by increasing the length and diameter of the cylinders in the setup, making this approach an attractive route for the producing large quantities of oriented BP at relatively low cost. 
